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Abstract

Simultaneous use of parasitoids and entomopathogenic nematodes for codling moth (CM) control could produce an antagonistic
interaction between the two groups resulting in death of the parasitoid larvae. Two ectoparasitic ichneumonid species, Mastrus
ridibundus and Liotryphon caudatus, imported for classical biological control of cocooned CM larvae were studied regarding their
interactions with Steinernema carpocapsae. Exposure of M. ridibundus and L. caudatus developing larvae to infective juveniles (IJs)
of S. carpocapsae (10 1Js/cm?; ~LCgy g9 for CM larvae) within CM cocoons resulted in 70.7 and 85.2% mortality, respectively.
However, diapausing full grown parasitoid larvae were almost completely protected from nematode penetration within their own
tightly woven cocoons. M. ridibundus and L. caudatus females were able to detect and avoid ovipositing on nematode-infected
cocooned CM moth larvae as early as 12 h after treatment of the host with IJs. When given the choice between cardboard substrates
containing untreated cocooned CM larvae and those treated with an approximate LCos of S. carpocapsae 1Js (25 1Js/em?) 12, 24, or
48 h earlier, ovipositing parasitoids demonstrated a significant preference for untreated larvae. The ability of these parasitoids to
avoid nematode-treated larvae and to seek out and kill cocooned CM larvae that survive nematode treatments enhances the
complementarity of entomopathogenic nematodes and M. ridibundus and L. caudatus.
© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction interventions that minimize the use of pesticides are

encouraged by legislative action, and environmental and

Codling moth (CM), Cydia pomonella is the principal
insect pest of apple and a significant pest of other fruit in
several countries worldwide (Barnes, 1991). Most con-
ventional orchardists tolerate less than 1% damage due
to this pest. To achieve this goal, broad spectrum in-
secticides are regularly used to eliminate or drastically
reduce CM populations. One of the several negative
environmental impacts of broad spectrum insecticides is
the severe reduction of nontarget organisms including
natural enemies of tree fruit pest insects. Alternative
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food safety concerns. A truly integrated approach for
using the various components of IPM, including bio-
logical control agents, will be required to obtain the
maximum effect from a given intervention or practice
without interfering with the effectiveness of others. A
wide variety of natural enemies including predators,
parasites and pathogens have been reported from CM
(Cross et al., 1999a,b; Falcon and Huber, 1991; Lacey
et al., 2000; Zimmermann and Weiser, 1991). Hyme-
nopterous parasitoids imported from the putative
center of origin of CM show potential as classical bio-
logical control agents of cocooned CM larvae in the
Western United States (Bezemer and Mills, 2001; Un-
ruh, 1997). The efficacy of entomopathogenic nematodes
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as inundatively applied biological control agents has
also been demonstrated against cocooned CM larvae in
orchards (Kaya et al., 1984; Nachtigall and Dickler,
1992; Unruh and Lacey, 2001) and in infested fruit bins
(Cossentine et al., 2002; Lacey and Chauvin, 1999).

Entomopathogenic nematodes (Steinernematidae and
Heterorhabditidae) have a good safety record especially
regarding their effects on predators and pollinators
(Akhurst, 1990; Akhurst and Smith, 2002; Bathon,
1996). However, the host range of certain species is
sufficiently broad to warrant some concern for nontar-
get insects in cryptic habitats under conditions that fa-
vor good survival of the infective stage of the nematodes
(Barbercheck and Millar, 1999). Upon exiting fruit, full
grown CM larvae seek out cryptic habitats in which to
spin their cocoons. Mastrus ridibundus and Liotryphon
caudatus are external idiobiont parasitoids of cocooned
CM larvae that actively search for CM hosts in cryptic
habitats. These adult parasitoids paralyze their hosts
upon which the larval parasitoids feed. After feeding
externally on the CM host larva and killing it, the fully
developed parasite larvae spin cocoons inside the host
cocoon and overwinter as diapausing larvae. Concomi-
tant use of parasitoids and nematodes in cryptic habitats
could produce antagonistic interaction between the two
groups resulting in intraguild predation and death of
parasitoid larvae. The ability of parasitoids to detect
and avoid nematode-infected hosts would help to reduce
a negative interaction. The objective of our study was to
determine: (a) the direct effects of exposure of develop-
ing and diapausing parasitoid larvae to infective juve-
niles (IJs) of Steinernema carpocapsae and (b) if prior
infection of CM larvae by 1Js affected host selection by
M. ridibundus and L. caudatus.

2. Materials and methods
2.1. Source and production of organisms

2.1.1. Production of cocooned codling moth larvae

The CM colony at the Yakima Agricultural Research
Laboratory was started from locally collected CM and
has been maintained over the past three decades. The
CM larvae used in our experiments were produced on
artificial diet (Toba and Howell, 1991) under diapausing
conditions (20°C; 8L:16D) and provided perforated
15.2cm? cardboard substrates (8cm x 1.9cm; double
faced, B flute, Weyerhauser, Tacoma, WA) in which to
spin their cocoons as described by Lacey and Unruh
(1998). Each strip contained ~20 cocooned larvae, and
were stored at 2 °C until used.

2.1.2. Production of nematodes
The Sal strain of S. carpocapsae that was used in all
of our experiments was originally obtained from James

Cate (Integrated BioControl Systems, Aurora, IN,
USA) from a culture originally isolated in an apple or-
chard in Indiana, USA. IJs of the nematode were pro-
duced in full grown Galleria mellonella larvae and
harvested on White traps using procedures described by
Kaya and Stock (1997). The 1Js were stored at 10°C
until used. IJs less than 2 weeks old were used for all
experiments.

2.1.3. Production of parasitoids

Liotryphon caudatus was collected in Southern Russia
in the fall of 2000 and passed through quarantine to
release in the spring of 2001. M. ridibundus was collected
in Kazakstan, near Almaty in the fall of 1994 and passed
through quarantine to release in the spring of 1995
(Unruh, 1997). Both species were reared at 22 °C and
16L:8D on cocooned diapausing CM larvae in card-
board rolls. Exposure of the CM to the wasp parasitoids
occurred in screen cages and the wasps were provided
with water, wicked from a vial, and honey, streaked on
the side of the screen cage. Both species diapause as
mature larvae inside a paper-like cocoon. Developing
larvae used for direct exposure experiments were pro-
duced by exposing groups of 10 or more perforated
15.2 cm? cardboard substrates containing cocooned CM
larvae to ovipositing parasitoids for 24 h in colony cages
of either M. ridibundus or L. caudatus. The exposures
resulted in 48.8 and 27.8% parasitism of CM by
M. ridibundus and L. caudatus, respectively. The number
of M. ridibundus larvae per parasitized CM larva ranged
from 1 to 8 (mean 3.0). The number of L. caudatus
larvae per parasitized CM larva was always one, due to
cannibalism when more than one egg was deposited per
host larva. The cardboard substrates were then incu-
bated at 25 °C for 3 days, after which time the mid-sized
larvae were used in experiments. Diapausing larvae were
obtained after up to 3 weeks of exposure of the sub-
strates in colony cages under cooler (20 °C) and shorter
light (8L:16D) conditions. The larvae were subsequently
incubated at 10°C for 1-2 weeks until they had spun
cocoons. The cardboard substrates containing cocooned
diapausing parasitoid larvae were stored at 10°C until
they were used in experiments.

Mated females, 3-5 days old, of both parasitoid
species were used for all choice experiments. After
emerging, the parasitoids were allowed to mate and
have access to honey and cocooned CM larvae in
cardboard substrates. Twenty-four hours prior to each
choice experiment, 2, 4, or 8 M. ridibundus females,
depending on the type of experiment, were placed in
large petri dishes (15cm diameter) with a source of
honey, but without host larvae. L. caudatus females
were individually placed in 0.5 L plastic containers 24 h
before experiments due to their size and the aggressive
nature of the females toward one another in a more
confined space.
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2.2. Direct effect of exposing developing and diapausing,
cocooned parasitoid larvae to infective juveniles of
S. carpocapsae

For each replicated experiment for each parasitoid
species, five substrates containing developing parasi-
toids were each treated with 152 IJs in 1mL water
(10 IJs/em?; ~LCgpoy for cocooned CM larvae)
spread evenly over the surface of the strip. One
milliliter of water was applied to each of five control
substrates. All substrates were then individually
sealed in 9cm petri dishes with Parafilm and incu-
bated for 6 days at 25°C. The Parafilm was removed
after the first 24 h. Mortality of parasitoid larvae was
assessed after 5 days by moistening and gently sep-
arating the layers of the cardboard substrates and
removing CM and parasitoid larvae from the CM
cocoons. The experiment was repeated on two sepa-
rate dates for each parasitoid species. The effect of
S. carpocapsae 1Js on diapausing, cocooned parasitoid
larvae of each species was tested in an identical
manner to that described above and the experiments
were repeated twice.

2.3. Effect of nematode infection on host selection

Diapausing cocooned CM larvae in 25 cardboard
substrates were treated with an approximate LCys of
S. carpocapsae 1Js (380 1Js/strip=25 IJs/cm?), and
incubated in sealed petri dishes (9 cm diameter) for 12,
24, or 48h. Four mated female M. ridibundus were
added to each of five large petri dishes (15c¢cm diam-
eter) containing one treated and one untreated card-
board strip for each nematode incubation period.
Four mated female M. ridibundus were also added to
each of five petri dishes each containing two untreated
substrates of cocooned CM larvae. Parasitoids were
left in contact with treated and untreated cardboard
substrates for 24h at 25°C (16L:8D) after which time
they were removed and the substrates incubated for
an additional 5 days. Five treated and five untreated
substrates were incubated for 5 days at 25°C as
controls to monitor CM mortality in the absence of
parasitoids. After incubation, the cardboard substrates
were opened and the number of moribund, dead, and
wasp-parasitized CM larvae were separately recorded
for nematode-treated and untreated substrates. CM
larvae were counted as dead if there was no response
to probing with a dissecting needle. Moribund lar-
vae were barely responsive to probing and were in-
cluded with the dead for statistical analysis. Tests
with L. caudatus females were conducted in a similar
manner except that the substrates were exposed to
the parasitoids in 0.5L plastic containers. The exper-
iments were repeated three times for each parasitoid
species.

Another test was conducted with M. ridibundus to
determine the effect of the number of parasitoid fe-
males per large petri dish on oviposition pressure on
nematode-treated (25 IJs/cm?) and untreated card-
board substrates containing cocooned CM larvae. The
substrates were incubated for 24h prior to introduc-
tion of parasitoids. The number of female M. ridi-
bundus was 2, 4, or 8 females per each of five large
petri dishes. Controls consisted of five nematode-
treated and five untreated cardboard substrates con-
taining cocooned CM larvae, as described above, and
groups of five large petri dishes for each parasitoid
density with each dish containing two untreated sub-
strates. The experiments were repeated on four sepa-
rate dates.

The progression of mortality in cocooned CM lar-
vae treated with 25 IJs/em? after 12, 24, and 48 in-
cubation at 25°C was determined using the bioassay
procedure of Lacey and Unruh (1998). Fifteen card-
board substrates containing =20 larvae each were
each treated with 380 S. carpocapsae 1Js in 1mL of
water, sealed in 9cm petri dishes and incubated at
25°C. Five substrates were removed from incubation
after 12, 24, and 48h and mortality was assessed.
Control substrates were treated with 1 mL of water
and incubated in the same manner.

2.4. Statistical analysis

The mean mortality of developing and diapausing
parasitoid larvae treated with nematodes was com-
pared between species using a two-way factorial AN-
OVA. Mortality and parasitism (%) comparisons in
choice tests (nematode-treated and untreated hosts) at
12, 24, and 48h were based on one way ANOVA
of means of the replicate petri dishes from each date of
the bioassay for treated, untreated, and in the case of
12 h, control treatments or three to four replicates per
condition (PROC GLM; SAS Institute, 1998). Each
time interval after nematode treatment was analyzed
separately because of significant time by treatment in-
teractions (p < 0.05). Tukey’s honestly significant dif-
ference test was used for mean comparisons. For
studies of the effect of crowding on host utilization and
acceptance by M. ridibundus (2, 4, or 8 wasps per dish),
a factorial ANOVA was employed with nematode
treatment and wasp density representing crossed fixed
effects; again we used means from each test date,
pooling the petri dishes on a given date. Tukey’s HSD
was used for mean comparisons. The angular trans-
formation (arc-sine of the square root) was employed
in all analyses, although the qualitative pattern of
significance was identical when raw data were analyzed
(not shown). Raw, not back-transformed, means are
presented in the results but significance levels and mean
comparisons are based on transformed data.
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3. Results

3.1. Effect of direct exposure of parasitoid larvae to
infective juveniles of S. carpocapsae

Developing larvae of M. ridibundus and L. caudatus
were highly susceptible to direct infection by S. carpo-
capsae when exposed to 10 IJs/cm?, a dosage that has been
reported to kill 80-90% of cocooned codling moth larvae
(Lacey and Unruh, 1998). The susceptibility of M. ridi-
bundus larvae was not significantly different from that of
L. caudatus (Table 1) (Fi 4 = 2.47, P = 0.19). Diapausing
larvae of both species were protected from infection
within their cocoons (F; 4 = 37.04, P = 0.004; Table 1).
The interaction between species and developmental status
for susceptibility was not significant (Fj4 =0.7, P =
0.80). Mortality of treated, diapausing larvae of M. ridi-
bundus was not significantly different from that of controls
(113 stat —0.719, P = 0.239). However, slight but signifi-
cant mortality was observed in treated diapausing
L. caudatus larvae (¢;g stat —2.496, P = 0.009).

3.2. Effect of nematode infection on host selection

When given the choice between cardboard substrates
containing cocooned CM larvae that had been left un-
treated and those treated with an LCys of S. carpocapsae
IJs 12, 24, or 48h earlier, ovipositing M. ridibundus
demonstrated a significant preference for untreated lar-
vae. Parasitism at 12h was similar in the untreated test
substrates (from the choice test) and the untreated
control substrates (no choice) and these were greater
than that in nematode-treated substrates (12h:
F6=09.19, P=0.015) (Fig. 1a). Differences in para-
sitism between treated and untreated test substrates at
24 and 48h were also significant (24h: Fi4 =
27.36, P =0.006; 48h: Fj4 = 85.09, P =0.0008). The
degree of parasitism in the treated substrates markedly
declined with increasing time after nematode treatment.
By 48h after application of nematodes, M. ridibundus
females demonstrated a 21-fold preference for untreated
larvae over nematode-treated larvae. A small sample

Table 1

(=10 larvae) of individuals that were parasitized in the
nematode-treated substrates at 48 h were dissected and
found not to be infected with nematodes, indicating
selection of healthy CM larvae within substrates where
92-96% of the larvae were infected by nematodes.
Mortality associated with M. ridibundus was between 8
and 18% greater than that due to parasitism alone in the
untreated or control substrates (Figs. la and b). Mor-
tality in treatment effects mirrored that for parasitism,
but explained much more of the variation in the data
and were significant (12h: /55 = 90.8, P = 0.0001; 24 h:
Fi4=172.7, P=0.0002; and 48h: F4,=148.8, P=
0.0003). Death in unparasitized CM larvae that were not
treated with nematodes was ostensibly due to both
predation and probing of the host without subsequent
oviposition. Most of the dead CM larvae in the un-
treated substrates that were not parasitized by M. ridi-
bundus showed signs of being stung by the parasite;
melanized black spots were very abundant on some.

Both mortality and parasitism were significantly in-
fluenced by both wasp density (mortality: 3,7 = 4.38,
P =0.023; parasitism: Fyp; =7.44, P=0.003) and
nematode-treatment  (mortality: Fp; = 1479, P <
0.0001; parasitism: F5y7 = 7.20, P =0.003), (Figs. 2a
and b) and interactions between these effects were not
significant (mortality: Fj»7 = 1.94, P =0.13; parasit-
ism: Fyo7 = 0.82, P = 0.53). Parasitism increased with
wasp density in control, treated, and untreated sub-
strates (Fig. 2a). Mortality increased with wasp density
in untreated and control substrates but not in treated
substrates (Fig. 2b). When parasitism was subtracted
from mortality and the remainder analyzed, wasp den-
sity became insignificant in the model (F;27 = 2.49,
P =0.102) while nematode-treatment remained highly
significant.

Parasitism by L. caudatus in untreated CM larvae
versus those that had not been treated with nematodes
was generally similar to that observed with M. ridibundus.
Unlike that seen with M. ridibundus, parasitism by
L. caudatus at 12h was statistically similar in all three
treatments although the general pattern followed
M. ridibundus in that parasitism was numerically higher in

Effect of direct exposure of developing larvae and cocooned diapausing larvae of M. ridibundus and L. caudatus to infective juveniles of S. carpo-

capsae®

Insect species®

% Mortality + SE®

Developing larvae

Cocooned diapausing larvae!

Nematode-treated (Controls) Nematode-treated (Controls)
Mastrus ridibundus 70.7£7.0 0) 1.8+0.1% 0 a)
Liotryphon caudatus 852+6.4 (1.7£0.1) 8.8+0.3 0 a)

2 Ten infective juveniles/cm?, 25 °C.

®Larval development states were significantly different (Tukey’s HSD, o = 0.05).
“Insect species were not significantly different in overall response to nematode treatments (Tukey’s HSD, o = 0.05).
9 Means followed by an asterisk are not significantly different from their respective control (Student’s # test, P > 0.05).
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Fig. 1. (a) Percentage of codling moth larvae in untreated and nematode-treated cardboard substrates parasitized by four Mastrus ridibundus females
12, 24, or 48 h following application of infective juveniles of Steinernema carpocapsae. (b) Mortality of codling moth larvae due to S. carpocapsae and
M. ridibundus. Mortality in substrates that were not treated with nematodes was due to parasitism and predation by M. ridibundus. Mortality in
nematode-treated substrates was due primarily to infection by S. carpocapsae (~95%) and wasp parasitism shown in (a).

the untreated test substrates (from the choice test) and the
untreated control substrates (no choice) than in the
nematode-treated substrates (12h: Fg =194, P =
0.224) (Fig. 3a). Comparisons of parasitism between
treated and untreated test substrates at 24 and 48 h were
highly significant (24h: Fj 4 = 38.72, P = 0.0034; 48 h:
Fi4=2496, P =0.008). As in the studies with M. ridi-
bundus, there was a clear decline in parasitism with in-
creasing time after nematode-treatment (Fig. 3a).

L. caudatus females demonstrated a 76-fold preference for
untreated larvae over nematode-treated larvae by 48 h
after application of nematodes. Mortality associated with
L. caudatus was between 10 and 24% greater than para-
sitism alone in the untreated or control substrates (Fig. 3a
vs b). Mortality in treatment effects mirrored that for
parasitism but was consistently significant over time (12 h:
Fo6=79.15, P=0.0001; 24h: F14 =26.25,P = 0.007;
and 48 h: Fi 4 = 18.08, P = 0.013), (Fig. 3b).
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Fig. 2. (a) Percentage of codling moth larvae in untreated and nematode-treated cardboard substrates parasitized by 2, 4, or 8 Mastrus ridibundus
females 24 h following application of infective juveniles of Steinernema carpocapsae. (b) Mortality of codling moth larvae due to S. carpocapsae and
M. ridibundus. Mortality in substrates that were not treated with nematodes was due to parasitism and predation by M. ridibundus. Mortality in
nematode-treated substrates was due primarily to infection by S. carpocapsae (=95%) and wasp parasitism shown in (a).

Although, the extent of discrimination by wasps
cannot be fully teased from these data, one compari-
son is illuminating. The no choice control substrates
(two substrates per plate) showed similar levels of
parasitism to that seen in the single untreated strip in
the choice test at 12h for both wasp species and
at 24h for M. ridibundus. By 48 h the parasitism rate
per host was almost 50% higher in untreated test
substrates for M. ridibundus, and just over 100%

higher for L. caudatus compared to control (no choice
substrates).

4. Discussion
The results of our studies clearly demonstrate the

vulnerability of developing larvae of both M. ridibundus
and L. caudatus to infection by S. carpocapsae. The
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Fig. 3. (a) Percentage of codling moth larvae in untreated and nematode-treated cardboard substrates parasitized by four Liotryphon caudatus
females 12, 24, or 48h following application of infective juveniles of Steinernema carpocapsae. (b) Mortality of codling moth larvae due to
S. carpocapsae and L. caudatus. Mortality in substrates that were not treated with nematodes was due to parasitism and predation by L. caudatus.
Mortality in nematode-treated substrates was due to primarily to infection by S. carpocapsae (=95%) and wasp parasitism shown in (a).

susceptibility of parasitic Hymenoptera to entomo-
pathogenic nematodes has been reported by other re-
searchers for both internal and external hymenopterous
parasitoids (Battisti, 1994; Kaya, 1978a,b; Kaya and
Hotchkin, 1981; Shannag and Capinera, 2000; Sher
et al., 2000; Triggiani, 1985; Zaki et al., 1997). Pre-
mature death of the host with subsequent death of in-
ternal parasitoids is the most frequently reported
consequence of host-parasitoid-pathogen interaction

rather than direct infection of the parasitoid (Begon et
al., 1997; Brooks, 1993). The outcome of competition
between pathogens and parasitoids is often determined
by the timing of infection or oviposition (Hochberg and
Lawton, 1990). Kaya (1978b) observed death in the
endoparasitic braconid, Apanteles militaris when the
host armyworm was killed by S. carpocapsae before
the parasitoid could complete development. However,
when the host larvae were treated with the 1Js late in the
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development of the braconid (11 days old), 94% of the
larvae emerged from the host and formed normal co-
coons. Kaya (1978b) and Shannag and Capinera (2000)
report the direct infection of internal hymenopterous
parasitoids by S. carpocapsae after they have emerged
from the host, but before completion of the pupal co-
coon. In the case of the two ichneumonid external par-
asitoids in our study, they are directly invaded by the
nematode and are as susceptible to infection as CM
larvae. To minimize antagonistic interaction with
the combined use entomopathogenic nematodes and
M. ridibundus and L. caudatus careful timing of nema-
tode applications will be required so as to avoid expo-
sure of developing parasitoid larvae to 1Js. The risk for
nematode infection of nontarget organisms is a function
of permanence of 1Js in the environment (Barbercheck
and Millar, 1999). CM chooses cryptic habitats in which
to cocoon and unless these habitats are kept moist, IJs
rapidly desiccate, thereby reducing their persistence and
the potential risk for parasitoid species.

The reduction or lack of penetration of cocoons of
diapausing M. ridibundus and L. caudatus by S. carpo-
capsae 1Js provides an opportunity for application of
entomopathogenic nematodes with minimal negative
impact on the parasitoids. Fall application of nematodes
when all or most of the CM larvae have left the fruit
and when parasitoids have entered diapause should
markedly reduce the risk of nematode infection to par-
asitoid larvae. Similar observations on the inability of
S. carpocapsae to penetrate the cocoons of Apanteles
spp. and other parasitoids were made by Kaya (1978b),
Kaya and Hotchkin (1981), and Shannag and Capinera
(2000).

Mastrus ridibundus and L. caudatus laid fewer eggs, as
evidenced by parasitism, in arenas where one of the two
host cardboard substrates were treated with nematodes
than they laid when presented with two untreated sub-
strates. However, as the degree of degradation of the
host increased from nematode infection, parasitism in
treated substrates (or time spent searching infected
hosts) was replaced by more effective parasitism of the
untreated strip. Because mortality also follows this
pattern, our data suggest that the wasps also discrimi-
nate in favor of untreated hosts for probing/predatory
behaviors. However, because nematode infection may
partially mask wasp-induced mortality we cannot rule
out that wasps are even more discriminating than shown
here.

Soon after penetrating the insect host through a
natural opening, the IJs of steinernematid nematodes
release their symbiotic bacteria (Xenorhabdus spp.)
which replicate in the insect hemocoel (Poinar, 1990)
and kill most insect species within 48 h (Kaya and Stock,
1997). Twelve h after treatment of cocooned CM larvae
with S. carpocapsae and its mutualistic bacterium, Xe-
norhabdus nematophila, over 98% of the CM larvae were

still alive. Survival of the larvae was still over 80% 24 h
following application of 1Js, but nearly all of them had
died within 48h of treatment. Although the greatest
avoidance of nematode-treated CM by both parasitoids
was observed after 48h incubation, significant host
avoidance was evident as early as 12h after treatment
with M. ridibundus and 24 h with L. caudatus. Parasitic
Hymenoptera use a complex set of semiochemical and
physical cues to determine the suitability of hosts
(Godfray, 1994; Vinson and Iwantsch, 1980; Vet and
Dicke, 1992). These include both external and internal
host cues. The change in host suitability shortly after
penetration of IJs and before the CM larvae were killed,
was ostensibly a function of bacterial activity within the
host detected when the larvae were probed by the par-
asitoids. Similarly, the bacterial activity in infected hosts
has been implicated in altering the infection behavior of
IJs (Shapiro et al., 2000), and repelling other organisms
such as ants (potential scavengers) (Zhou et al., 2002).
The avoidance of nematode-infected CM larvae by
ovipositing M. ridibundus and L. caudatus females en-
hances the complementarity of these parasitoids and
entomopathogenic nematodes. Similar observations on
the avoidance of oviposition by the eulophid Digphus
begini in the leafminer Liriomyza trifolii infected with
S. carpocapsae were made by Sher et al. (2000).

Environmental conditions that favor hymenopteran
parasitoids or entomopathogenic nematodes will ulti-
mately influence the type of interaction and compati-
bility or antagonism of these two groups of biological
control agents. Parasitoids are better at exploiting un-
infected hosts because of their abilities of search,
whereas nematodes have limited search capacity and
require proper environmental conditions, most notably,
moisture. Based on the models of Begon et al. (1999)
and Hochberg et al. (1990), coexistence and enhanced
biological control are favored by complementarity be-
tween parasitoid and pathogens in terms of their ex-
trinsic and intrinsic qualities. The compatibility of the
two groups for CM control could be easily managed if
mass releases of parasitoids are made 48 h or more after
nematode applications, or, more likely, if applications
are restricted to times when most parasitoid larvae are in
diapause within cocoons. The ability of parasitoids to
avoid nematode-treated larvae and to actively seek out
and kill cocooned CM larvae that survived nematode
treatments (escaped nematode infection) enhances the
complementarity of entomopathogenic nematodes and
M. ridibundus and L. caudatus.

Acknowledgments
We thank Jeff Upton and Leon Ganuelos for tech-

nical support. We are also grateful to Eric Lacey for
inspiration and help with experiments. We thank James



238 L.A. Lacey et al. | Journal of Invertebrate Pathology 83 (2003) 230-239

Cate for furnishing the original culture of S. carpocap-
sae. We also thank Don Hostetter, Joel Siegel, David
Shapiro-Ilan, and the anonymous reviewers for their
constructive comments on the manuscript. This research
was supported in part through a grant from the Wash-
ington Tree Fruit Commission.

References

Akhurst, R.J., 1990. Safety to nontarget invertebrates of nematodes of
economically important pests. In: Laird, M., Lacey, L.A., David-
son, E'W. (Eds.), Safety of Microbial Insecticides. CRC Press,
Boca Raton, FL, pp. 233-240.

Akhurst, R.J., Smith, K., 2002. Regulation and safety. In: Gaugler, R.
(Ed.), Entomopathogenic Nematology. CABI Publishing, Oxon,
pp. 311-332.

Barbercheck, M.E., Millar, L.C., 1999. Environmental impacts of
entomopathogenic nematodes used for biological control in soil.
In: Follett, P.A., Duan, J.J. (Eds.), Nontarget Effects of Biological
Control. Kluwer Academic Publishers, Dordrecht, pp. 287-308.

Barnes, M.M., 1991. Tortricids in pome and stone fruits, codling moth
occurrence, host race formation, and damage. In: Van der Geest,
L.P.S., Evenhuis, H.H. (Eds.), Tortricid Pests, Their Biology,
Natural Enemies, and Control. Elsevier, Amsterdam, pp. 313-327.

Bathon, H., 1996. Impact of entomopathogenic nematodes on non-
target hosts. Biocontrol Sci. Technol. 6, 421-434.

Battisti, A., 1994. Effects of entomopathogenic nematodes on the
spruce web-spinning sawfly Cephalcia arvensis Panzer and its
parasitoids in the field. Biocontrol Sci. Technol. 4, 95-102.

Begon, M., Sait, S.M., Thompson, D.J., 1997. Two’s company, three’s
a crowd: host-pathogen—parasitoid dynamics. In: Gange, A.C.,
Brown, V.K. (Eds.), Multitrophic Interactions in Terrestrial
Systems. Blackwell, Oxford, pp. 307-332.

Begon, M., Sait, S.M., Thompson, D.J., 1999. Host-pathogen—
parasitoid systems. In: Hawkins, B.A., Cornell, H.V. (Eds.),
Theoretical Approaches to Biological Control. Cambridge Univer-
sity Press, Cambridge, MA, pp. 327-348.

Bezemer, T.M., Mills, N.J., 2001. Host density responses of Mastrus
ridibundus, a parasitoid of the codling moth, Cydia pomonella. Biol.
Control 22, 169-175.

Brooks, W.M., 1993. Host-parasitoid-pathogen interactions. In:
Beckage, N.E., Thompson, S.N., Federici, B.A. (Eds.), Parasites
and Pathogens of Insects. Vol. 2: Pathogens. Academic Press, San
Diego, pp. 231-272.

Cossentine, J.E., Jensen, L.B., Moyls, L., 2002. Fruit bins washed with
Steinernema carpocapsae (Rhabditida: Steinernematidae) to control
Cydia pomonella (Lepidoptera: Tortricidae). Biocontrol Sci. Tech-
nol. 12, 251-258.

Cross, J.V., Solomon, M.G., Chandler, D., Jarrett, P., Richardson,
P.N., Winstanley, D., Bathon, H., Huber, J., Keller, B., Langenb-
ruch, G.A., Zimmermann, G., 1999a. Biocontrol of pests of apples
and pears in Northern and Central Europe: 1. Microbial agents and
nematodes. Biocontrol Sci. Technol. 9, 125-149.

Cross, J.V., Solomon, M.G., Babandreier, D., Blommers, L., Easter-
brook, M.A., Jay, C.N., Jenser, G., Jolly, R.L., Kuhlmann, U.,
Lilley, R., Olivella, E., Toepfer, S., Vidal, S., 1999b. Biocontrol of
pests of apples and pears in Northern and Central Europe: 2.
Parasitoids. Biocontrol Sci. Technol. 9, 277-314.

Falcon, L.A., Huber, J., 1991. Biological control of the codling moth.
In: Van der Geest, L.P.S., Evenhuis, H.H. (Eds.), Tortricid Pests,
Their Biology, Natural Enemies, and Control. Elsevier, Amster-
dam, pp. 355-369.

Godfray, H.C.J., 1994. Parasitoids: Behavior and Evolutionary
Ecology. Princeton University Press, Princeton, NJ.

Hochberg, M.E., Lawton, J.H., 1990. Competition between kingdoms.
Trends Ecol. Evol. 5, 367-371.

Hochberg, M.E., Hassell, M.P., May, R.M., 1990. The dynamics of
host—parasitoid—pathogen interactions. Am. Nat. 135, 74-94.

Kaya, H.K., 1978a. Infectivity of Neoaplectana carpocapsae and
Heterorhabditis heliothidis to pupae of the parasite Apanteles
militaris. J. Nematol. 10, 241-244.

Kaya, H.K., 1978b. Interaction between Neoaplectana carpocapsae
(Nematoda: Steinernematidae) and Apanteles militaris (Hymenop-
tera: Bracondiae), a parasitoid of the armyworm, Pseudaletia
unipuncta. J. Invertebr. Pathol. 31, 358-364.

Kaya, H.K., Hotchkin, P.G., 1981. The nematode Neoaplectana
carpocapsae Weiser and its effect on selected ichneumonid and
braconid parasites. Environ. Entomol. 10, 474-478.

Kaya, H.K., Stock, S.P., 1997. Techniques in insect nematology. In:
Lacey, L.A. (Ed.), Manual of Techniques in Insect Pathology.
Academic Press, London, pp. 281-324.

Kaya, H.K., Joos, J.L., Falcon, L.A., Berlowitz, A., 1984. Suppression
of the codling moth (Lepidoptera: Olethreutidae) with the entom-
ogenous nematode, Steinernema feltiae (Rhabditida: Steinernemat-
idae). J. Econ. Entomol. 77, 1240-1244.

Lacey, L.A., Chauvin, R.L., 1999. Entomopathogenic nematodes for
control of codling moth in fruit bins. J. Econ. Entomol. 92,
104-1009.

Lacey, L.A., Unruh, T.R., 1998. Entomopathogenic nematodes for
control of codling moth: effect of nematode species, dosage,
temperature, and humidity under laboratory and simulated field
conditions. Biol. Control 13, 190-197.

Lacey, L.A., Knight, A., Huber, J., 2000. Microbial control of
lepidopteran pests of apple orchards. In: Lacey, L.A., Kaya, H.K.
(Eds.), Field Manual of Techniques in Invertebrate Pathology:
Application and Evaluation of Pathogens for Control of Insects
and Other Invertebrate Pests. Kluwer Academic Publishers,
Dordrecht, pp. 557-576.

Nachtigall, G., Dickler, E., 1992. Experiences with field applications of
entomoparasitic nematodes for biological control of cryptic living
insects in orchards. Acta Phytopathol. Entomol. Hung. 27,
485-490.

Poinar Jr., G.O., 1990. Taxonomy and biology of Steinernematidae
and Heterorhabditidae. In: Gaugler, R., Kaya, H.K. (Eds.),
Entomopathogenic Nematodes in Biological Control. CRC Press,
Boca Raton, FL, pp. 23-61.

SAS, 1998. SAS software version 7. SAS Institute Inc., Cary, NC,
USA.

Shannag, H.K., Capinera, J.L., 2000. Interference of Steinernema
carpocapsae (Nematoda: Steinernematidae) with Cardiochiles di-
aphaniae (Hymenoptera: Braconidae), a parasitoid of melonworm
and pickleworm (Lepidoptera: Pyralidae). Environ. Entomol. 29,
612-616.

Shapiro, D.I., Lewis, E.F., Paramasivam, S., McCoy, C.W., 2000.
Nitrogen partitioning in Heterorhabditis bacteriophora-infected
hosts and the effects of nitrogen on attraction/repulsion. J.
Invertebr. Pathol. 76, 43-48.

Sher, R.B., Parrella, M.P., Kaya, H.K., 2000. Biological control of the
leafminer, Liriomyza trifolii (Burgess): implications for intraguild
predation between Diglyphus begini Ashmead and Steinernema
carpocapsae (Weiser). Biol. Control 17, 155-163.

Toba, H.H., Howell, J.F., 1991. An improved system for mass-rearing
codling moths. J. Entomol. Soc. B.C. 88, 22-27.

Triggiani, O., 1985. Influenza dei nematodi della famiglia Steiner-
nematidae e Heterorhabditidae sul parassitoide Apanteles ultor
Rhd. (Hymenoptera: Braconidae). La Difesa delle Piante 2,
293-300.

Unruh, T.R., 1997. From Russia with love: new predators and
parasites for control of tree fruit insect pests. Proceedings of the
93rd Annual Meeting of the Washington State Horticultural
Association, pp. 42-49.



L.A. Lacey et al. | Journal of Invertebrate Pathology 83 (2003) 230-239 239

Unruh, T.R., Lacey, L.A., 2001. Control of codling moth, Cydia
pomonella (Lepidoptera: Tortricidae) with Steinernema carpocap-
sae: effects of supplemental wetting and pupation site on infection
rate. Biol. Control 20, 48-56.

Vet, L.E., Dicke, M., 1992. Ecology of infochemical use by natural
enemies in a tritrophic context. Annu. Rev. Entomol. 37, 141-172.

Vinson, S.B., Iwantsch, G.F., 1980. Host suitability for insect
parasitoids. Annu. Rev. Entomol. 25, 397-419.

Zaki, F.N., Awadallah, K.T., Gersraha, M.A., 1997. Competitive
interaction between the braconid parasitoid, Meteorus rubens Nees

and the entomogenous nematode, Steinernema carpocapsae (We-
iser) on larvae of Agrotis ipsilon Hufn. (Lep., Noctuidae). J. Appl.
Entomol. 121, 151-153.

Zhou, X.S., Kaya, H.K., Heungens, K., Goodrich-Blair, H., 2002.
Response of ants to a deterrent factor(s) produced by the symbiotic
bacteria of entomopathogenic nematodes. Appl. Environ. Micro-
biol. 68, 6202-6209.

Zimmermann, G., Weiser, J., 1991. Pathogens and diseases. In: Van der
Geest, L.P.S., Evenhuis, H.H. (Eds.), Tortricid Pests, Their Biology,
Natural Enemies, and Control. Elsevier, Amsterdam, pp. 253-271.



	Interactions of two idiobiont parasitoids (Hymenoptera: Ichneumonidae) of codling moth (Lepidoptera: Tortricidae) with the entomopathogenic nematode Steinernema carpocapsae (Rhabditida: Steinernematidae)
	Introduction
	Materials and methods
	Source and production of organisms
	Production of cocooned codling moth larvae
	Production of nematodes
	Production of parasitoids

	Direct effect of exposing developing and diapausing, cocooned parasitoid larvae to infective juveniles of S. carpocapsae
	Effect of nematode infection on host selection
	Statistical analysis

	Results
	Effect of direct exposure of parasitoid larvae to infective juveniles of S. carpocapsae
	Effect of nematode infection on host selection

	Discussion
	Acknowledgements
	References


